Most membrane-enveloped viruses depend on host proteins of the endosomal sorting complex required for transport (ESCRT) machinery for their release. HIV-1 is the prototypic ESCRT-dependent virus. The direct interactions between HIV-1 and the early ESCRT factors TSG101 and ALIX have been mapped in detail. However, the full pathway of ESCRT recruitment to HIV-1 budding sites, which culminates with the assembly of the late-acting CHMP4, CHMP3, CHMP2, and CHMP1 subunits, is less completely understood. Here, we report the biochemical reconstitution of ESCRT recruitment to viral assembly sites, using purified proteins and giant unilamellar vesicles. The myristylated full-length Gag protein of HIV-1 was purified to monodispersity. Myr-Gag forms clusters on giant unilamellar vesicle membranes containing the plasma membrane lipid PIð4,5ÞP 2 . These Gag clusters package a fluorescent oligonucleotide, and recruit early ESCRT complexes ESCRT-I or ALIX with the appropriate dependence on the Gag PTAP and LYPðXÞ n L motifs. ALIX directly recruits the key ESCRT-III subunit CHMP4. ESCRT-I can only recruit CHMP4 when ESCRT-II and CHMP6 are present as intermediary factors. Downstream of CHMP4, CHMP3 and CHMP2 assemble synergistically, with the presence of both subunits required for efficient recruitment. The very late-acting factor CHMP1 is not recruited unless the pathway is completed through CHMP3 and CHMP2. These findings define the minimal sets of components needed to complete ESCRT assembly at HIV-1 budding sites, and provide a starting point for in vitro structural and biophysical dissection of the system. confocal microscopy | host-pathogen interaction | membrane traffic | virus budding M ost membrane-enveloped viruses utilize host proteins of the endosomal sorting complex required for transport (ESCRT) machinery for their release (1-3). This dependence was first described for HIV-1, where mutation of an ESCRTbinding motif (late domain) in the viral protein Gag was shown to stall virus bud release at a late stage in virus assembly (4, 5). Late domains have subsequently been found in other retroviruses and numerous other virus families including, e.g., flavi-, filo-and rhabdoviruses (6). Indeed, the only well-characterized case of ESCRT-independent release of a membrane-enveloped virus is influenza virus (7). In normal cell physiology, ESCRTs function in cytokinesis, formation of intralumenal vesicles in multivesicular endosomes, and vesicle release from the plasma membrane (8-10). These seemingly disparate processes all involve membrane budding away from the cytoplasm, and ESCRTs are the only described protein machinery to perform vesicle formation with this topology, which is analogous to virus release.
M ost membrane-enveloped viruses utilize host proteins of the endosomal sorting complex required for transport (ESCRT) machinery for their release (1) (2) (3) . This dependence was first described for HIV-1, where mutation of an ESCRTbinding motif (late domain) in the viral protein Gag was shown to stall virus bud release at a late stage in virus assembly (4, 5) . Late domains have subsequently been found in other retroviruses and numerous other virus families including, e.g., flavi-, filo-and rhabdoviruses (6) . Indeed, the only well-characterized case of ESCRT-independent release of a membrane-enveloped virus is influenza virus (7) . In normal cell physiology, ESCRTs function in cytokinesis, formation of intralumenal vesicles in multivesicular endosomes, and vesicle release from the plasma membrane (8) (9) (10) . These seemingly disparate processes all involve membrane budding away from the cytoplasm, and ESCRTs are the only described protein machinery to perform vesicle formation with this topology, which is analogous to virus release.
The initial events in HIV-1 ESCRT recruitment are well characterized. The structural protein of HIV-1, Gag, binds earlyacting ESCRT factors through two late-domain motifs in its C-terminal p6 domain: a PTAP sequence that interacts with the TSG101 subunit of ESCRT-I (11) (12) (13) (14) (15) (16) and a LYPðXÞ n L motif that interacts with the ESCRT-associated protein ALIX (17) (18) (19) (20) (21) (22) . The ultimate effect of both ESCRT-I and ALIX binding is the assembly of the ESCRT-III complex and the AAA ATPase VPS4 at the virus bud neck, leading to membrane scission and virion release. ALIX does this by directly recruiting the major ESCRT-III subunit CHMP4 (19, 20) .
However, it is the interaction of HIV-1 with the ESCRT-I complex that is the major pathway for HIV-1 release under most conditions. It is not clear how ESCRT-I directs ESCRT-III assembly because there is little evidence that ESCRT-I can directly bind to ESCRT-III in solution or in large-scale interaction screens (18) . In the yeast ESCRT system, ESCRT-I recruits the ESCRT-II complex, which in turn binds to the upstream ESCRT-III subunit Vps20 (CHMP6), initiating ESCRT-III assembly (23) (24) (25) . However, RNA knockdown experiments have been interpreted as indicating that ESCRT-II and CHMP6 might be dispensable for HIV-I release (26) . It has been suggested that ALIX could serve as an alternative to ESCRT-II in bridging ESCRT-I and ESCRT-III, given that ALIX directly binds to both ESCRT-I and ESCRT-III. It also seems possible that in the context of the HIV-1 Gag assembly on membranes, local concentration effects or membraneinduced conformational changes could alter the interaction properties. The connectivity between ESCRT-I and ESCRT-III is thus still a major unanswered question in the HIV-1 release field.
In yeast, the ordered assembly of the ESCRT-III complex has been deduced from genetics (27) and recapitulated in vitro (28, 29) . The core yeast subunits assemble in the order Vps20, Snf7, Vps24, and Vps2 (27) . These are all absolutely required for function in yeast (24) and for sustained function in vitro (29) , and correspond to the human ESCRT-III subunits CHMP6, CHMP4A/B/C, CHMP3, and CHMP2A/B. The late-acting ancillary ESCRT-III proteins Did2, Ist1, and Vps60, which are important but not strictly essential for normal function in yeast, correspond to human CHMP1A/B, IST1, and CHMP5. Detailed models for the ESCRT scission reaction in normal endosomal function have been deduced (30, 31) that involve all of these components. Consistent with the analogy to yeast ESCRTs, simultaneous knockdown of CHMP4A/B/C or CHMP2A/B reduces HIV-1 budding to the late-domain independent baseline (32) . Less consistent with the yeast-based mechanism, CHMP6, CHMP3, and CHMP1A/B knockdowns have little or no HIV-1 release phenotype (26, 32) . These differences are hard to reconcile with live-cell imaging detecting CHMP1B at bud sites (33) and with the finding that CHMP2A and CHMP3 coassemble in vitro into tubules but do not do so on their own (34) . The differences in the results with yeast ESCRT-III proteins and the knockdown, imaging, and tubule formation data for human proteins called out for further investigation.
Despite the many cellular studies of ESCRTs in vesicle formation and virus release, biochemical tools have been lacking for analyzing the assembly of the ESCRT machinery at viral budding sites on a membrane. Here, we have reconstituted the recruitment of ESCRT proteins to HIV-1 Gag assembly sites in a completely defined in vitro system. As compared to previous solution phase studies of ESCRT interactions with the Gag p6 domain or peptides derived from p6, here the system is based on full-length Gag that is oligomerized on a membrane. Because ESCRT proteins interact with membranes and form oligomers, these properties might be expected to profoundly impact the nature of the interactions. We purified the myristylated full-length Gag protein of HIV-1. Myr-Gag, intially in a monodisperse state, assembles into clusters on the surface of synthetic giant unilamellar vesicles (GUVs). The Gag clusters recruit nucleic acid and ESCRT proteins, recapitulating the known properties of Gag in cells. We find a strict dependence on ALIX or ESCRT-II for the assembly of the ESCRT-III complex, and an interdependence of late ESCRT-III subunits CHMP3 and CHMP2A. The model system developed here sheds light on the mechanism of ordered assembly of ESCRT complexes at HIV-1 bud sites.
Results
HIV-1 Gag Clusters on PIð4,5ÞP 2 -Containing GUVs. We sought to reconstruct fully defined HIV-1 Gag assembly sites on membranes from purified and synthetic components. Previous biochemical studies of HIV-1 Gag assembly, as well as that of the closely related Rous sarcoma virus Gag, utilized constructs that lacked the N-terminal myristylation and were truncated in the N-terminal MA domain and the C-terminal, ESCRT-binding, p6 domain (35) (36) (37) . These measures were taken to avoid problems with Gag protein aggregation. However, these constructs are not suitable for the purposes of this study, because they bind neither to membranes nor to ESCRTs. To circumvent aggregation problems in the context of intact HIV-1 Gag, we expressed full-length Gag in Escherichia coli with maltose-binding protein (MBP) fused to its C terminus. This increased the solubility, protected the flexible C-terminal p6 domain from proteolytic degradation, and left the N terminus accessible for myristylation. N-terminal myristylation was achieved by coexpressing N-myristyl transferase from Saccharomyces cerevisiae by analogy to methods used to generate Myr-MA domain (38) (39) (40) , and confirmed by mass spectrometry (Fig. S1 ). The C-terminal MBP tag was removed by Tobacco etch virus protease digestion at low concentration after initial purification steps, which produced a myristylated Gag protein that eluted as a monodisperse peak from a gel filtration column (Fig. S2) .
The matrix domain of Gag has a binding site for the plasma membrane lipid PIð4; 5ÞP 2 , and this binding site is crucial for Gag targeting to the plasma membrane (40, 41) . When added at 100 nM to GUVs containing 5% PIð4; 5ÞP 2 , Gag, labeled with the fluorophore Atto 594, formed bright clusters of variable size, ranging from diffraction-limited puncta to sheets of a few micrometers, on the GUV membrane (Fig. 1A) . No strong binding of Gag was observed on GUVs containing the same negative charge density in the form of 20% phosphatidylserine (PS) (Fig. 1B) , nor on GUVs with no net charge in the membrane (Fig. 1C) . The Gag puncta recruited the fluorescently labeled DNA oligonucleotide ðTGÞ 15 , (Fig. 1D) but not A 30 , (Fig. 1E) , consistent with earlier results obtained with truncated Gag constructs containing an intact NC domain (35) . To quantify the recruitment of labeled oligonucleotides to Gag puncta, we recorded 10 z stacks of GUV images at random positions, typically totaling approximately 50 GUVs and approximately 50-100 Gag puncta, and calculated the percentage of Gag puncta that had an oligonucleotide fluorescence intensity more than 1.5 times that of the surrounding membrane. Three independent repeats of this quantitation yielded 100 AE 0% of Gag puncta positive for ðTGÞ 15 recruitment, and 15 AE 23% of Gag puncta positive for A 30 recruitment, confirming the visual impression that only ðTGÞ 15 is efficiently packaged by Gag puncta. Taken together, these data show that the reconstituted Gag puncta recapitulate the lipid dependence and nucleic acid packaging properties of Gag assembly in cells and in solution.
Late-Domain-Dependent Recruitment of ESCRT-I and ALIX. When 30 nM fluorescently labeled ESCRT-I was added together with 100 nM Gag to PIð4; 5ÞP 2 -containing GUVs, it was recruited to the Gag puncta ( Fig. 2A) . A Gag protein containing the latedomain-inactivating PTAP → LIRL mutation displayed reduced ESCRT-I recruitment (Fig. 2B) , indicating that the ESCRT-I recruitment is largely PTAP-dependent in our reconstituted system. We hypothesize that the remaining PTAP-independent recruitment of ESCRT-I is due to its lipid binding MABP domain (42) . We quantitated ESCRT-I recrutiment to Gag puncta as described above for oligonucleotides, in three independent repeats each typically containing approximately 200-400 Gag puncta. This quantitation confirmed the visual impression that ESCRT-I binding is largely PTAP-dependent (Fig. 2G, columns 1 and 2) . Intact ALIX at 1 μM colocalized to Gag puncta, but less strikingly than ESCRT-I (Fig. 2C) . It has been proposed that the Cterminal proline-rich domain (PRD) of ALIX maintains it in an autoinhibited conformation (43, 44) . When the C-terminal PRD of ALIX was deleted, recruitment was strongly enhanced (Fig. 2D and column 4 of Fig. 2G ) and was comparable in efficiency to ESCRT-I recruitment. This indicates that membrane localization is not sufficient to release ALIX autoinhibition.The inactivating mutation YP → SR in the ALIX-binding LYPðXÞ n L late domain in Gag completely abrogated ALIX recruitment (Fig. 2E and column 5 of Fig. 2G) , indicating that the reported interaction between the NC domain of Gag and Bro1 domain of ALIX (45, 46) was not sufficient to recruit detectable levels of ALIX in this system. The ALIX PRD contains a P(S/T)AP motif that is capable of binding to the TSG101 subunit of ESCRT-I (18), although the motif is not essential for ALIX function in HIV-1 budding (19, 20) . We tested whether the addition of unlabeled ESCRT-I could rescue the recruitment of ALIX to the LYPðXÞ n L mutant Gag. No significant rescue of ALIX recruitment to YP → SR Gag puncta by ESCRT-I was found (Fig. 2F and column 6 of Fig. 2G ). These data show that the reconstituted Gag assemblies recruit the most upstream ESCRT factors with the same late-domain dependence seen for HIV-1 budding from infected cells.
Recruitment of CHMP4. CHMP4 is a critical component of the ESCRT-III complex, and is one of the few components essential for all known functions of the ESCRT pathway. The different pathways for the upstream initiation of the ESCRT cascade converge at the stage where CHMP4 is recruited. Fluorescently labeled Gag and CHMP4B were added to GUVs at 100 and 300 nM, respectively, along with various combinations of unlabeled upstream ESCRT factors. This CHMP4B concentration is higher than what was required for bud neck localization and membrane scission in the in vitro reconstitution of yeast ESCRT vesicle formation (28) . The degree of recruitment of CHMP4B to Gag puncta was quantitated as above for ESCRT-I and ALIX. Concentrations of upstream ESCRTs were chosen such as to give a robust recrutiment of CHMP4B in the positive experiments ( Fig. 3A and B) . This yielded an ALIX concentration of 4 μM, which is close to the solution K d value for its interaction with the Gag late-domain motifs (19, 21) . This suggests that the presence of the membrane does not enhance the ALIX-Gag interaction, which would be consistent with the absence of known lipid-binding domains in ALIX.
However, the 100 nM ESCRT-I concentration needed was much lower than the solution K d of approximately 27 μM (11), suggesting that the colocalization on a membrane potently increases the Gag-ESCRT-I affinity. This would be consistent with a possible role for the acidic lipid-binding MABP domain of MVB12 (42) . These results also parallel the 3-4 order of magnitude increase in affinity between ESCRTs and ubiquitin when the latter is tethered to a membrane (47) . Indeed, the effective approximately 3 order of magnitude increase in affinity seen for the ESCRT-I:Gag interaction represents one of the most dramatic differences between the more realistic context of this study and the solution analysis of binary interactions between small fragments.
Full-length ALIX weakly recruited CHMP4B to Gag puncta (Fig. 3D, column 1) , consistent with the relatively weak colocalization of full-length ALIX with Gag. The activated C-terminal PRD truncation construct of ALIX recruited CHMP4B more potently at the same concentration (Fig. 3 A and D, columns1  and 2 ). The strongest recruitment was caused by the addition of 100 nM ESCRT-I, 200 nM ESCRT-II, and 400 nM CHMP6 (Fig. 3B and column 3 of Fig. 3D ). This precisely recapitulates the pattern expected by analogy to yeast proteins in vivo (23, 24, 48) and in vitro (28) . To investigate the roles of ESCRT-II and CHMP6 in CHMP4 recruitment, we repeated this experiment with either ESCRT-II or CHMP6 omitted. Either of these omissions completely abrogated recruitment of CHMP4B (Fig. 3C and columns 4 and 5 of Fig. 3D ). Adding ALIX led to a modest increase in CHMP4 recruitment that was below the threshhold of statistical significance (Fig. 3D, column 6 ). Even this modest enhancement, however, was dependent on the LYPðXÞ n L motif in Gag (Fig. 3D, column 7) . Thus, ALIX is not acting to replace ESCRT-II and CHMP6 downstream of ESCRT-I, but instead bypasses the entire PTAP and ESCRT-I-dependent pathway. For each experiment, 10 z stacks were recorded at random positions. Gag puncta on GUV membranes were identified by an automated MATLAB script, and the percentage of Gag puncta having an ESCRT-I/ALIX fluorescence >1.5 times the surrounding membrane was calculated and is shown in the bar graphs above each column. All six experiments were carried out on the same day with the same batch of GUVs for comparability, and the error bars represent the standard deviation of three independent repeats of the experiments. Membrane is red, Gag is white, and fluorphore-labeled ESCRT-I/ALIX is green. Scale bar, 10 μm.
These findings demonstrate that human ESCRT proteins studied in vitro in a realistic model system for HIV-1 budding recruit CHMP4 through an ordered mechanism that is conserved from yeast to humans.
Assembly of Downstream ESCRT-III Subunits. After analyzing the CHMP4 recruitment pathway, we proceeded to analyze the interdepedence of the assembly of the most downstream subunits of the ESCRT-III complex, CHMP3, CHMP2, and CHMP1. Because the combination of ESCRT-I, ESCRT-II, and CHMP6 provided the strongest recruitment of CHMP4B (Fig. 3D) , these proteins were added to GUVs together with Gag and unlabeled CHMP4B, all at the same concentrations as used for the CHMP4B recrutiment assay above. The exact stoichiometry of the assembled human ESCRT-III complex is not known, but because the later CHMPs by analogy to the yeast system are thought to be less abundant than CHMP4, we added CHMP3, CHMP2A, and CHMP1B at a lower solution concentration of 100 nM. When CHMP3 and fluorescently labeled CHMP2A were added, CHMP2A was strongly recruited to the Gag puncta ( Fig. 4A and column 1 of Fig. 4C ). Omitting CHMP4B caused a complete loss of CHMP2A recruitment (Fig. 4C, column 2) . The replacement of the unlabeled CHMP3 by the same amount of unlabeled CHMP2A caused a nearly complete loss of recruitment of fluorescent CHMP2A (Fig. 4B and column 3 of Fig. 4C ). When the fluorescent label was instead placed on CHMP3, a strong recruitment was found in the presence of CHMP2A (Fig. 4C , column 4), but virtually no recruitment when CHMP2A was replaced by unlabeled CHMP3 (Fig. 4C, column 5 ). Taken together, these results show that the recruitment of CHMP3 and CHMP2A to Gag puncta is highly synergistic and is completely dependent on CHMP4B recruitment. When fluorophore-labeled CHMP1B was added together with unlabeled CHMP3 and CHMP2A, a moderate recruitment to some Gag puncta was detected (Fig. 4C,  column 6 ). When CHMP3 and CHMP2A were replaced by the same amount of unlabeled CHMP1B, no recruitment of fluorescent CHMP1B was detected (Fig. 4C, column 7) . These findings are summarized and placed in context in the model shown in Fig. 5 .
Discussion
The major finding in this study is that the ESCRT assembly cascade involved in HIV-1 virion release can be reconstituted from a minimal set of purified components. HIV-1 Gag clustering on membranes requires only the intact Gag protein itself and PIð4; 5ÞP 2 . This is consistent with the ability of truncated Gag constructs to self-assemble in the absence of lipids (35, 37) and the ability of purified Gag MA domain to bind to PIð4; 5ÞP 2 (40, 41) . These membrane-bound Gag clusters are capable of selectively packing nucleic acid with sequences that favor NC binding, but this is not required for their assembly. The ESCRT assembly pathway is more complex. Previous analyses of Gag-ESCRT interactions, and ESCRT-ESCRT interactions in HIV-1 budding, Gag wt wt wt wt wt wt YP(-) have focussed on deletional and imaging experiments in cells, and on binary protein interaction studies in solution or in yeast twohybrid screens. Reconstitution is complementary to these other approaches because it asks whether a particular minimal set of proteins is sufficient. In this case, we have found two different but overlapping sets of proteins and complexes that are minimally sufficient to reconstruct ordered assembly: ESCRT-I, ESCRT-II, CHMP6, CHMP4, CHMP3, CHMP2, and CHMP1; and ALIX, CHMP4, CHMP3, CHMP2, and CHMP1. These results agree well with imaging studies of HIV-1 budding, to the extent that these proteins have been examined. ALIX, CHMP4B, CHMP4C, and CHMP1B have been directly observed in real time at budding sites during HIV-1 Gag budding (33) . These results are also congruent with much of the knockdown data. HIV-1 budding is highly sensitive to knockdown of subunits of ESCRT-I (2), CHMP4A/B/C (32), and CHMP2A/B (32) . Smaller decreases in HIV-1 budding efficiency are seen when CHMP3 and CHMP1A/B mRNAs are knocked down (32) . The importance of ALIX in budding has been demonstrated in the context of its ability to rescue the budding PTAP-defective Gag when overexpressed (19, 20) .
The main discrepancy between our reconstitution and the published knockdown data is that in the latter case, essentially no budding defect is observed when ESCRT-II subunits or the most upstream ESCRT-III subunit CHMP6 are knocked down (26) . In the knockdown study, protein bands for ESCRT-II EAP20/VPS25 and CHMP6 were still visible on Western blots following knockdown, and it cannot be ruled out that the residual levels of these proteins are above the threshhold needed for function. Alternatively, it is possible that in cells, some other factor takes that place of ESCRT-II and CHMP6. ALIX is the most obvious factor that could do so, because it binds to both ESCRT-I and CHMP4. Yet we find that in the context of YPXL-deleted Gag, ALIX does not rescue the assembly pathway. This observation is consistent with the presence of a single P(S/T)AP binding site in the TSG101 UEV domain, which cannot bind simultaneously to both HIV-1 Gag and ALIX. We are left with two possiblities: that ESCRT assembly cascade is robust enough to proceed even with residual ESCRT-II and CHMP6 concentrations that are a fraction of normal levels, or that there exists an unidentified ESCRT-I-CHMP4 bridging factor other than ALIX.
CHMP2A and CHMP3 coassemble into tubes in vitro that may represent structures involved in membrane neck scission (34) . The yeast cognates of CHMP2 and CHMP3 are Vps2 and Vps24, which seem to preferentially heterodimerize with one another (23) . Thus, it seems fitting that there is a strong codependence of CHMP2A and CHMP3 recruitment in the reconstituted system. The main contradictory observation comes from knockdown studies, which find a >100-fold drop in viral titer following CHMP2A/B knockdown, but only a 2-fold drop when CHMP3 is knocked down (32) . The authors of that knockdown study propose that CHMP4B binds directly to CHMP2A, bypassing the need for CHMP3. Our data suggest that the most efficient recruitment occurs when a CHMP3:CHMP2A copolymer is jointly recruited by CHMP4. As discussed above for the ESCRT-II: CHMP6 pair, it seems that either copolymerization is robust enough to occur at sharply reduced CHMP3 levels, or some unknown factor can copolymerize with CHMP2A in cells.
The long-term aim of this project is to reconstitute the entire ESCRT-mediated HIV-1 assembly and release process, including the scission of the membrane necks of virus-like particles (VLPs). This final step is thought to be mediated by ESCRT-III, possibly in conjuction with the ATPase VPS4 (33, 49) . In the conception of these experiments, we had anticipated that inefficient release of Gag puncta into the GUV interior might be seen even in the absence of ESCRTs, because high levels of Gag overexpression have been shown to drive budding (50) . If ESCRT-III assembly were sufficient for scission, as seen for the yeast proteins, we would have expected to see a large increase in VLP release upon completion of ESCRTassembly. Contrary to expectations, we see essentially no release of VLPs in either the presence or absence of ESCRTs. With respect to the ESCRTs, an obvious possiblility is that VPS4 activity might be involved in release. However, the lack of baseline ESCRT-independent scission suggests to us the main scission defect is more likely in the nature of the Gag assembly, or in a missing RNA or lipid factor.
Increasingly detailed structural and biophysical models of ESCRT-dependent membrane budding and scission in normal endosomal function are becoming available. In essence, these models invoke a collar consisting of upstream ESCRTs (31, 51) that templates the activation and nucleation of an ESCRT-III dome (30) . The latter dome pulls membrane with it as it grows to a tip, bringing the width of the neck down to the critical proximity needed for spontaneous membrane scission (30) . This study is a step on the path to developing an equally detailed and insightful model of ESCRT mechanism in HIV-1 release. Such a model cannot be contemplated until a complete parts list for the reaction is known. Now that the list of the minimal set of components needed for assembly is at hand, the in vitro system should be a useful addition to the toolkit for deconstructing the release mechanism and ultimately interfering with it therapeutically. Further progress in advancing mechanistic insight will require superresolution optical imaging and improved electron tomographic analysis of budding events in cells, together with increasingly sophisticated reconstitutions.
Materials and Methods
Formation of GUVs. GUVs containing palmitoyl-oleoyl-phosphatidylcholine (POPC) (70 mol%), cholesterol (25 mol%), brain PIð4; 5ÞP 2 (5 mol%), and the fluorophore Atto 647-DOPE (0.1 mol%) were prepared in 600 mM sucrose essentially as described previously (29) . To prevent PIð4; 5ÞP 2 from segregating from other lipids, the lipid mix and indium-tin oxide-coated glass slides were preheated to 60°C prior to spreading the lipids on the slides, and the electroswelling was performed for 1 h at 60°C. In Fig. 1 B and C, GUVs designated "20% PS" contained 55% POPC, 25% cholesterol, 20% palmitoyloleoyl-phosphatidylserine (POPS), and 0.1% Atto 647-DOPE; and GUVs The Gag-ESCRT and ESCRT-ESCRT interactions in this model are based on the present study, whereas their three-dimensional arrangement is extrapolated from other available data. The ESCRT-III subunits are thought to drive membrane scission by forming a dome at the membrane neck (30) . In the HIV-1 setting, it is not known if the putative dome forms from the inside (as depicted here) or the outside (3). The detailed arrangment of the subunits in the dome is not known. They are depicted here as forming whorls, which provides for all subunits of a given type to maintain equivalent interactions with other subunit types. Concentric circles, each consisting of a unique subunit composition, would also meet this criterion, but a single spiral would not. Because HIV-1 assembly sites in cells will, on average, contain approximately 2,400 Gag molecules at the time of release (52) , even the small subset of Gag molecules which expose their p6 domains at the rim of the Gag lattice could provide enough opportunity for the ESCRT-I-mediated and the ALIX-mediated pathways to both contribute to ESCRT-III assembly at the same assembly site.
